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Vertical coordinate information is referenced to (1) stage, the height above an arbitrary datum established at a streamgage, and (2) elevation, the height above the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Elevation, as used in this report, refers to the distance above the vertical datum.
Introduction
During August 28-29, 2011, record-breaking rainfall from Tropical Storm Irene resulted in extensive flooding across much of Vermont. In the White River and Tweed River valleys, the flooding resulted in extensive property damage and destruction of transportation corridors. At the White River at West Hartford, Vt., U.S. Geological (USGS) streamgage 01144000, 1 the discharge reached 90,100 cubic feet per second (ft 3 /s)-the second largest discharge ever recorded at the streamgage in its 96 years of data collection. The discharge at the streamgage was determined to have an annual exceedance probability (AEP) of 1 to 0.2 percent (Olson and Bent, 2013) .
In response to the flooding, President Obama made a presidential declaration of a major disaster (Federal Emergency Management Agency [FEMA]-4022-DR) for the State of Vermont under the Robert T. Stafford Disaster Relief and Emergency Assistance Act (Stafford Act; 42 U.S.C. § §5121-5207). As an element of addressing the disaster declaration, the USGS, in cooperation with FEMA, has produced a series of flood recovery maps. These maps show the areal extent of flooding from Tropical Storm Irene, as well as estimated flood boundaries, resulting from floods with 10-, 4-, 2-, 1-, and 0.2-percent AEP, and the floodway. The maps cover selected reaches of the White River and the Tweed River. The reaches were selected because of the significant flood damage that occurred and the availability of digital elevation models developed from lidar data. These recovery maps (appendix 1) are for advisory purposes and do not supersede the effective Flood Insurance Rate Maps (FIRMs) (Federal Emergency Management Agency, 2007 , 2008 .
Purpose and Scope
This report describes the development of a series of estimated flood recovery maps for the White River at Bethel, Stockbridge, and Rochester, Vt., and the Tweed River at Stockbridge and Pittsfield,Vt. (fig. 1 ). The study reaches include a 20.7-mile (mi) reach of the White River from the downstream end at about 2,000 feet (ft) downstream from the State Route 107 Bridge 2 in the Village of Bethel, Vt., to the upstream end at about 1,000 ft upstream from the River Brook Drive bridge in the Village of Rochester,Vt., and a 7.9-mi reach of the Tweed River from its mouth in Stockbridge, Vt., to the confluence of the West and South Branches of the Tweed River and continuing upstream on the South Branch Tweed River to the Pittsfield, Vt., town line. The Tweed River study reach includes the Tweed River and South Branch Tweed River. The flood recovery maps show the effects from the flood of Tropical Storm Irene, as well as flood boundaries resulting from floods with 10-, 4-, 2-, 1-, or 0.2-percent AEP, and the floodway. The purpose of the maps is to provide local government and citizens with the best and most up-to-date information on flood hazards to aid in the rebuilding process.
Study Area Description
The White River and its tributary, the Tweed River, are in the Green Mountains of central Vermont. The drainage basins of both rivers are primarily forested, whereas the valleys often have agricultural and residential uses. Stockbridge, Vt., the location of the confluence of the two rivers, receives 46 inches of rain annually and has a mean annual high temperature of 54 degrees Fahrenheit ( o F) and a mean annual low temperature of 31 o F (PRISM Group, 2012a, b, c) . Both rivers drain steep upland areas of relatively high elevations. The drainage area at the downstream end of the White River study reach is 408 square miles (mi 2 ). The basin has a mean elevation of 1,630 ft above the North American Vertical Datum of 1988 (NAVD 88); 78.7 percent of the basin is above 1,200 ft. The elevation of the river at the downstream end of the study reach is 510 ft, whereas many of the peaks and ridges along the western drainage divide exceed 3,000 ft. The drainage area at the downstream end the Tweed River study reach is 51.0 mi 2 . The basin has a mean elevation of 1,830 ft NAVD 88; 88.5 percent of the basin is above 1,200 ft. The elevation at the downstream end of the study reach is 720 ft, whereas the headwaters of the basin exceed 3,000 ft in numerous locations.
The length of the White River study reach is 20.7 miles. The channel changes 312 ft in elevation over its course and has an average slope of 15 feet per mile (ft/mi). The downstream end of the reach is 2,000 ft downstream from the State Route 107 Bridge in the Village of Bethel, Vt., and the 2 The State Route 107 bridge and other features and locations not shown in figure 1 can be found in appendix 1. reach extends upstream through Stockbridge to about 1,000 ft upstream from the River Brook Drive bridge in the Village of Rochester, Vt. Within the study reach, the river is traversed by 3 state highway bridges, 5 local road bridges, and a concrete weir that was once used by the USGS to measure river discharge. Much of the White River study reach upstream from the confluence with the Tweed River has broad floodplains that serve agricultural purposes. Downstream from the confluence with the Tweed River, the White River has a much more incised channel with narrow or no floodplains until it enters the Town of Bethel and the floodplains once again broaden.
The length of the Tweed River study reach is 7.9 mi. The channel changes 383 ft in elevation over its course and has an average slope of about 49 ft/mi. The study reach extends from the Tweed River mouth, where the river drains into the White River, to the confluence of the West and South Branches of the Tweed River and continues upstream on the South Branch Tweed River to the Leigh Kelly Drive bridge in Pittsfield, Vt. Within the study reach, the river is traversed by 2 state highway bridges, 8 local road bridges, 2 private bridges, and 1 snowmobile trail bridge. The Tweed River has broad floodplains up to the confluence of the West and South Branches of the Tweed. As the study reach continues up the South Branch, the channel gradually steepens and the floodplains narrow until no floodplain exists and the river becomes a mountain stream.
Previous Studies
The Flood Insurance Study (FIS) for Windsor County, Vt. (FEMA, 2007) , covers Bethel, Stockbridge, and Rochester, Vt. It is the effective FIS for those towns. The Windsor County FIS is a compilation of town FIS reports. The Bethel and Rochester, Vt., effective FISs were completed by the U.S. Army Corps of Engineers in 1990; Dufresne-Henry, Inc., completed the Stockbridge, Vt., FIS in 1985. The FIS for Rutland County, Vt. (FEMA, 2008) , covers Pittsfield, Vt., and is the effective FIS for that town. The effective study for Pittsfield was completed by the U.S. Soil Conservation Service in 1991.
New hydrologic estimates were made and new hydraulic models were developed for this investigation. The results of this study are provided in this report and the flood recovery maps are for advisory purposes for the towns. The results and maps do not supersede the effective FISs or the FIRMs.
Creation of Flood Recovery Maps
Tasks specific to development of the flood recovery maps for the White River and Tweed River study reaches were (1) estimation of flood discharges at the 10-, 4-, 2-, 1-, and 0.2-percent AEPs, (2) collection of topographic and bathymetric data on cross sections and geometric data on structures and bridges along the study reaches, Figure 1 . Location of the White and Tweed River study reaches in Bethel, Stockbridge, Pittsfield, and Rochester, Vermont.
(3) development of the hydraulic model for the study reaches and computation of the water-surface profiles for the flood discharges using the U.S. Army Corps of Engineers HEC-RAS computer program (U.S. Army Corps of Engineers, 2010), and (4) production of estimated flood recovery maps at the simulated water-surface profiles using the U.S. Army Corps of Engineers HEC-GeoRAS computer program (U.S. Army Corps of Engineers, 2012) and a geographic information system (GIS).
Estimation of Flood Discharges
Flood discharges at the 10-, 4-, 2-, 1-, and 0.2-percent AEPs were estimated for the White and Tweed Rivers study reaches for use in the HEC-RAS hydraulic model. On the White River, there are two streamgages where discharge has been measured. The first streamgage, 01144000, White River at West Hartford, Vt., is an active, continuously recording USGS streamgage, but it is downstream from the study reach. Streamgage 01144000 has a drainage area of 689 mi 2 . The second streamgage, 01142000, White River near Bethel, Vt., is within the White River study reach, but it was discontinued in 1955. It has a drainage area of 240 mi 2 . Recent flood frequency analyses were done for both streamgages by Olson (2014) .
Weighting the at-site frequency curves with the results of regression equations, as explained in Olson (2014), lowered the discharges in frequency curves at both streamgages. Because weighting with the regression equations provided lower discharge results for the White River at both streamgages, it was decided that the additional regional information provided by the regression equations was not a good solution for these streamgages. Therefore, the at-site frequency curves were used unweighted. The discharges at each of the streamgages were interpolated and extrapolated using a constant linear relation of drainage area to discharge in logarithmic units. The relation took the form (A 1 / A 2 ) x = (Q 1 / Q 2 ), where A 1 and A 2 are the drainage areas of river locations 1 and 2, Q 1 and Q 2 are the flood discharges for a selected AEP at river locations 1 and 2, and x was found by solving the above equation with data from the two White River streamgages. The results are as shown in table 1.
The flood discharge for Tropical Storm Irene was 90,100 ft 3 /s at streamgage 01144000, White River at West Hartford, Vt. (Olson and Bent, 2013) . Using a trial-and-error technique, it was found that an exponent x equal to 0.510, along with the values for discharge and drainage area of the streamgage, applied to the equation above resulted in discharges that gave water-surface elevations from the hydraulic model that matched the Tropical Storm Irene high-water marks (Medalie and Olson, 2013) . These discharges, which were used to simulate the flooding from Tropical Storm Irene, are shown in table 1.
No streamgage data were available for the Tweed River study reach. Extrapolating the White River discharges to No discharge data were available for the Tweed River during Tropical Storm Irene. The discharges for Tropical Storm Irene were estimated by adjusting discharges in the hydraulic model so that the resulting water surface best fit the high-water marks. The discharges closely fit the log-linear drainage area relation (A 1 / A 2 ) x = (Q 1 / Q 2 ) with an x of 1.10. The resulting discharges were determined using this equation for six locations and are shown in table 2.
Topographic and Bathymetric Data
All elevation data used in this study are referenced to NAVD 88; all horizontal data are referenced to the North American Datum of 1983. Cross-section elevation data were obtained from a digital elevation model (DEM) that was derived from lidar data collected during April 2012 by Fugro Earthdata, Inc., of Frederick and Hagerstown, Maryland (Fugro EarthData, Inc., 2012a) . The lidar data have a horizontal 18.2-centimeter (0.60-ft) vertical accuracy at the 95-percent confidence level and 1-meter (3.28-ft) horizontal resolution.
The lidar data were collected by Fugro Earthdata, Inc., for the Vermont Agency of Transportation; the lidar data were collected along state highways that were heavily damaged following Tropical Storm Irene. The data were collected in a 1,000-meter-wide corridor that was centered on the highways. A state highway runs along most the study reaches of the White and Tweed Rivers. In two locations, the state highway and the river diverge, and the lidar data do not cover the entire river valley. The first location is an 1,800-ft reach on the Tweed River from 2,410 to 4,210 ft downstream from the confluence of the West and South Branches of the Tweed River. This reach includes cross sections TY, TZ, and TAA as shown in appendix 1. The second location is a 1,485-ft reach on the White River from 1,180 to 2,665 ft downstream from the confluence of the Tweed and White Rivers. This reach includes cross sections WBI and WBJ. In these two reaches, the best available mapping was used for out-of-channel cross-section geometry and delineation of the flood boundaries, which was the 10-meter DEM (USGS, 2004) .
Using HEC-GeoRAS-a set of procedures, tools, and utilities for processing geospatial data in ArcGIS-elevation data were extracted from the DEM for 233 cross sections. Because lidar data cannot provide ground elevations below the water surface of a stream, the channel segments of the cross sections were surveyed by USGS field crews from the New England Water Science Center during spring and summer 2013. The cross-sectional bathymetry data were collected by wading or sounding at 202 sections. For these sections, withinchannel data were directly merged with the DEM data. For the other cross sections, the DEM data represented the withinchannel elevations well because the channel was a steep, pool and riffle type channel.
A differential global positioning system (DGPS) with real-time kinematic (RTK) technology was used to derive horizontal locations and elevations at the surveyed cross sections. Nine determinations of elevations by RTK DGPS at benchmark locations were within 0.06 ft of the known elevations, an error range that exceeds the accuracy of the lidar data. 
Geometry of Riverine Structures
Twenty-two riverine structures, consisting of 21 road crossings and a streamgage weir, have the potential to affect water-surface elevations during floods along the stream. Bridge and other riverine structure geometry data were obtained from field surveys conducted by personnel from the USGS New England Water Science Center during the spring and summer 2013.
There are a few exceptions to the use of the field survey data for the structures in the hydraulic model. Although the flood recovery maps represent conditions at the time of the survey, several bridges were damaged during the flooding, and some were replaced. At the time of the survey for this study, three bridges on the White River-the Route 107 bridge in the Village of Bethel, and the Route 73 and River Brook Drive bridges in Rochester-had been replaced. On the Tweed River study reach, four bridges had been repaired or replaced-a private covered bridge, the Route 100 bridge, the Stonewood Crossing bridge, and a private road bridge, all in Pittsfield. To best simulate the flooding that occurred during Tropical Storm Irene, it would be ideal to have the geometry of all the bridges that were in place during the flooding. Unfortunately, preflood data were not available for 5 of these 7 structures. The only structure data available were for the Route 107 crossing of the White River in the Village of Bethel and the Route 73 crossing of the White River in Rochester. The Route 107 bridge geometry data were taken from the hydraulic model of the effective Flood Insurance Study model for Bethel (Federal Emergency Management Agency, 2007) . The geometry data for the Route 73 bridge in Rochester were provided by the Vermont Agency of Transportation (Nick Wark, written commun., September 11, 2013). The other five structures were included in the Tropical Storm Irene model as surveyed during summer 2013.
Because reconstruction continues in Vermont since Tropical Storm Irene, there are two temporary bridges included in the hydraulic model for the flood recovery maps. They are the Route 73 crossing of the White River in Rochester and the Route 100 crossing of the Tweed River in Pittsfield. In an effort to provide the most up-to-date data for the maps, the Vermont Agency of Transportation provided the geometry data for the planned Route 73 bridge in Rochester (Nick Wark, written commun., September 11, 2013 ). An additional model that included this planned Route 73 bridge was developed, and the data are included with the flood recovery map.
Development of the Hydraulic Model
As stated in section "Topographic and Bathymetric Data," HEC-GeoRAS-a set of procedures, tools, and utilities for processing geospatial data in ArcGIS-elevation data were extracted from the DEM for 233 cross sections. The crosssection data were merged with the surveyed channel data and subsequently were input to the HEC-RAS model. Objects blocking the flow of water, such as buildings, were digitized in a GIS and were converted to HEC-RAS input by the HECGeoRAS software. The data for the 22 riverine structures, consisting of 21 road crossings and a streamgage weir, were manually input into the HEC-RAS model.
Hydraulic analyses require the estimation of energy losses that result from frictional resistance exerted by a channel on flow. These energy losses are quantified by the Manning's roughness coefficient (n-value). Initial n-values were selected on the basis of field observations, field photographs, and high-resolution aerial photographs (Fugro EarthData, Inc., 2012b). The initial n-values were adjusted to minimize the differences between simulated and observed water-surface elevations at the Tropical Storm Irene highwater marks. The n-values were also adjusted to avert defaults to critical depth by the HEC-RAS model. For the White River study reach, the final channel n-values ranged from 0.040 in straight, lower gradient, sand and gravel channels to 0.065 in meandering, steep, cobble to boulder channels. The floodplains had n-values ranging from 0.035 on smooth lawns to 0.085 in heavily forested areas. For the Tweed River study reach, the final n-values ranged from 0.040 in straight, lower gradient, sand and gravel channels to 0.075 in meandering, steep, boulder channels. The floodplain areas had n-values ranging from 0.040 in grassy areas to 0.110 in heavy forest with thick underbrush.
The HEC-RAS analysis for this study was done using the steady-state flow computation option. Subcritical flow regime was assumed for the simulations. Normal depth was used as the starting water surface and was based on an estimated average water-surface slope of 0.00120 for the White River and 0.00394 for the Tweed River from data contained in the effective Flood Insurance Study (Federal Emergency Management Agency, 2007) and from channel survey data. The discharges used in the model were discussed in the section, "Estimation of Flood Discharges."
The water-surface profiles for the 10-, 4-, 2-, 1-, and 0.2-percent AEP and for Tropical Storm Irene used to produce the flood recovery maps in this study were computed by using HEC-RAS, version 4.1.0 (U.S. Army Corps of Engineers, 2010). HEC-RAS is a one-dimensional step-backwater model for simulation of water-surface profiles with steadystate (gradually varied) or unsteady-state flow computation options. Differences between surveyed and simulated elevations of high-water marks for Tropical Storm Irene are shown in table 3. Many of the differences exceed 1 foot. However, these differences are for sites near bridges that were replaced following the flood, for sites in reaches with debris issues, or for sites in steep reaches where the high-water mark may be more representative of the energy grade line than the water surface. Two of the high-water marks that have elevations more than 4 ft less than the simulated water surface are likely to be erroneously flagged marks, and little confidence was placed in these marks in the model adjustment process. The results demonstrate that the model is capable of simulating accurate water levels. The resulting water-surface elevations for the 10-, 4-, 2-, 1-, and 0.2-percent AEP and Tropical Storm Irene are in appendix 2. Water-surface elevations determined using the hydraulic model with the new Route 73 bridge are in appendix 3. A floodway was also determined for the study reaches. A floodway is the channel plus adjacent floodplain areas that must be free of intrusions, such as fill or development, so that the 1-percent AEP flood can be carried without substantial increases in water-surface elevations. The increase allowed in the analysis is 1.00 foot. 
Annual Exceedance Probability of Flooding From Tropical Storm Irene
A 20.7-mile reach of the White River was included in this investigation. On the basis of the hydraulic models, Tropical Storm Irene discharge exceeded the 1-percent AEP flood throughout the White River study reach and exceeded the 0.2-percent AEP flood in the upper 12.6 miles of the White River study reach. A 7.9-mile reach of the Tweed River was included in this investigation. Tropical Storm Irene discharge exceeded the 1-percent AEP flood throughout the Tweed River study reach and exceeded the 0.2-percent AEP flood in the lower 4.2 miles of the Tweed River study reach, including the entire reach below the confluence of the South and West Branches of the Tweed River.
Development of Flood Recovery Maps
Flood recovery maps were created in a GIS by combining the water-surface profiles and the DEM data. The DEM data were derived from the same lidar data described in section "Topographic and Bathymetric Data and Geometry of Riverine Structures." Estimated flood-inundation boundaries for each simulated profile were developed with HEC-GeoRAS software (U.S. Army Corps of Engineers, 2012), which allows the preparation of geometric data for import into HEC-RAS and processes simulation results exported from HEC-RAS (U.S. Army Corps of Engineers, 2010). Shapefile polygons of the inundated areas for each profile were modified, as required, in the ArcMap application of ArcGIS (Environmental Systems Research Institue, Inc., 2012a) to ensure a hydraulically reasonable transition of the flood boundaries between modeled cross sections.
Any inundated areas that were detached from the main channel were examined to identify subsurface connections with the main river, such as through culverts under roadways. Where such connections existed, the mapped inundated areas were retained in their respective flood recovery maps; otherwise, the erroneously delineated parts of the flood extent were deleted. The flood-inundation areas were overlaid on geo-referenced aerial photographs of the study area (U.S. Department of Agriculture, 2012). A visual comparison was made between the 1-percent AEP flood boundary from the effective FIRM and the 1-percent AEP flood boundary generated in this investigation. The boundaries were comparable, but the boundaries generated in this investigation appear to have greater detail.
The Flood Recovery Mapping is provided in appendix 1. Appendix 1 contains an ArcGIS published map document (.pmf) that can be read using the freeware, ArcReader (Environmental Systems Research Institute, Inc.
[ESRI], 2012b). ArcReader version 10.1 can be downloaded from ESRI at http://www.esri.com/software/arcgis/arcreader/. The published map document provides the flood boundaries for the 10-, 4-, 2-, 1-, and 0.2-percent AEP floods, the floodway, and Tropical Storm Irene. It also contains cross sections with identifiers and the base flood-elevation markers. The base flood-elevations markers indicate the elevation of the 1-percent AEP at 2-foot elevation increments along the study reaches. Flood boundaries and the floodway at the Route 73 bridge in Rochester, Vt., that correspond to the planned bridge design are also incorporated into the map document.
Uncertainties and Limitations Regarding Use of Flood Recovery Maps
Although the flood recovery maps represent the boundaries of inundated areas with a distinct line, some uncertainty is associated with these maps. The accuracy of the floodwater extent portrayed on these maps will vary with the accuracy of the DEM used to simulate the land surface. Water-surface elevations computed with the HEC-RAS model were estimated using steady-state hydraulic modeling, assuming unobstructed flow from ice or debris. The hydraulic model reflects the land-cover characteristics, roughness characteristics, channel elevations, and any bridge, dam, or other hydraulic structures existing as of August 2013. Changes to any of these features may change the water-surface profile.
Furthermore, unique meteorological factors (timing and distribution of precipitation) may cause actual streamflows along the modeled reach to vary from those assumed to occur during a flood, which may lead to deviations from the watersurface elevations and flood boundaries shown. Additional areas may be flooded due to unanticipated conditions such as changes in the streambed elevation or roughness, backwater into major tributaries along a main stem river, or backwater from localized debris or ice jams. The USGS provides these maps as a reference and emergency planning tool but assumes no legal liability or responsibility resulting from the use of this information.
Summary
A series of digital flood recovery maps for water-surface elevations for floods with a 10-, 4-, 2-, 1-, and 0.2-percent annual exceedance probability (AEP) and for the floodway were developed by the U.S. Geological Survey in cooperation with the Federal Emergency Management Agency for the White River at Bethel, Stockbridge, and Rochester, Vermont, and for the Tweed River at Stockbridge and Pittsfield, Vt. These flood recovery maps include a 20.7-mile reach of the White River from the downstream end at about 2,000 feet downstream from the State Route 107 bridge in the Village of Bethel, Vt., to the upstream end at about 1,000 feet upstream from the River Brook Drive bridge in the Village of Rochester,Vt., and a 7.9-mile reach of the Tweed River from its mouth in Stockbridge, Vt., to the confluence of the West and South Branches of the Tweed River and continuing upstream on the South Branch Tweed River to the Leigh Kelly Drive bridge in Pittsfield, Vt. The maps were developed by using the U.S. Army Corps of Engineers HEC-RAS and HEC-GeoRAS programs to compute water-surface profiles and to delineate estimated flood-inundation areas. 
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